Nicotinamide adenine dinucleotide phosphate (reduced form) is formed more rapidly after the addition of thiosulfate to suspensions of intact Thiobacillus neapolitanus in the absence of CO2 than nicotinamide adenine dinucleotide (reduced form). Measurement of acid-stable metabolites shows this phenomenon to be the result of rapid reoxidation of nicotinamide adenine dinucleotide (reduced form) by 3-phosphoglyceric acid and other oxidized intermediates, which are converted to triose and hexose phosphates, and that, in reality, the rate of nicotinamide adenine dinucleotide (oxidized form) reduction exceeds that of nicotinamide adenine dinucleotide phosphate (oxidized form) by approximately 4.5-fold. The Kiesow (12) and Aleem et al. (2) demonstrated some time ago that pyridine nucleotide reduction in chemoautotrophic bacteria could occur by the energy-dependent reversal of terminal electron transport. Aleem and his associates (11) have subsequently presented descriptions of this process in a number of autotrophic microorganisms and have offered the hypothesis that all significant pyridine nucleotide reduction using inorganic substrates of high oxidation potential proceeds through energy-requiring steps. However, their work has been carried out almost exclusively with cell-free extracts. Since mechanisms of reduction of pyridine nucleotides might exist in the intact cell which are destroyed during cell disruption and further processing, and since the rates of pyridine nucleotide reduction reported are much smaller than would be required for growth, we chose to investigate pyridine nucleotide reduction in intact cells to evaluate the importance of the energy-dependent reaction. The experimental techniques which we employed in this study permit the estimation of the effects of inhibitors and of the interaction of reduced pyridine nucleotides with the intermediary metabolism of the cell.
Nicotinamide adenine dinucleotide phosphate (reduced form) is formed more rapidly after the addition of thiosulfate to suspensions of intact Thiobacillus neapolitanus in the absence of CO2 than nicotinamide adenine dinucleotide (reduced form). Measurement of acid-stable metabolites shows this phenomenon to be the result of rapid reoxidation of nicotinamide adenine dinucleotide (reduced form) by 3-phosphoglyceric acid and other oxidized intermediates, which are converted to triose and hexose phosphates, and that, in reality, the rate of nicotinamide adenine dinucleotide (oxidized form) reduction exceeds that of nicotinamide adenine dinucleotide phosphate (oxidized form) by approximately 4.5-fold. The overall rate of pyridine nucleotide reduction by thiosulfate (264 nmol per min per mg of protein) is in excess of that rate needed to sustain growth. Pyridine nucleotide reduction, adenosine triphosphate synthesis, and carbohydrate synthesis are prevented by the uncoupler m-Cl-Carbonylcyanide phenylhydrazone. Sodium amytal inhibits pyridine nucleotide reduction and carbohydrate synthesis are prevented by the uncoupler m-Cl-carbonylcyanide observations are reproduced when sulfide serves as the substrate. The rate of pyridine nucleotide anaerobic reduction with endogenous substrates or thiosulfate is less than 1% of the aerobic rate with thiosulfate. We conclude that the principal, if not the only, pathway of pyridine nucleotide reduction proceeds through an energy-dependent and amytal-sensitive step when either thiosulfate or sulfide is used as the substrate. Kiesow (12) and Aleem et al. (2) demonstrated some time ago that pyridine nucleotide reduction in chemoautotrophic bacteria could occur by the energy-dependent reversal of terminal electron transport. Aleem and his associates (11) have subsequently presented descriptions of this process in a number of autotrophic microorganisms and have offered the hypothesis that all significant pyridine nucleotide reduction using inorganic substrates of high oxidation potential proceeds through energy-requiring steps. However, their work has been carried out almost exclusively with cell-free extracts. Since mechanisms of reduction of pyridine nucleotides might exist in the intact cell which are destroyed during cell disruption and further processing, and since the rates of pyridine nucleotide reduction reported are much smaller than would be required for growth, we chose to investigate pyridine nucleotide reduction in intact cells to evaluate the importance of the energy-dependent reaction. The experimental techniques which we employed in this study permit the estimation of the effects of inhibitors and of the interaction of reduced pyridine nucleotides with the intermediary metabolism of the cell.
A preliminary report of a portion of this work was presented at the Annual Meeting of the American Society for Microbiology in Philadelphia, Pennsylvania, 23 to 28 April 1972.
MATERIALS AND METHODS
Cultivation and preparation of ceUs. Thiobacillus neapolitanus was cultivated continuously as described previously (8, 9) at a specific dilution rate of 0.15/h. The effluent was collected in an ice-cooled vessel for 16 to 20 h during which time the cell suspension was constantly aerated. Bacteria were harvested by centrifugation in the cold and then washed twice with about 150 ml of 0.1 M potassium phosphate buffer, pH 7. A final cell suspension was 592 prepared in the same buffer at a concentration of 20 to 25 mg (dry weight) per ml, and was kept on ice until used.
Experimental procedure. To follow the time course of changes of intracellular metabolites, 0.5-to 1.0-ml samples of the cell suspension were placed in 12-ml conical centrifuge tubes and incubated in a water bath at 30 C for 5 min. 0 was then passed through the suspensions for a further 5 min. Reactions were initiated by injecting a volume of the appropriate reagent (10 mM Na2S,02 or 10 mM Na2S in 0.1 M potassium phosphate buffer, pH 7) equal to the volume of the cell suspension at zero time. At various times afterward the reactions were terminated by the rapid injection of ethanol-KOH (when reduced pyridine nucleotides were to be estimated) or of perchloric acid (when acid-stable metabolites were to be measured; 6). The interval between initiation and termination was measured with a stopwatch capable of resolving 0.01 s.
The denatured suspensions to be used for the measurement of nicotinamide adenine dinucleotide, reduced form (NADH) and nicotinamide adenine dinucleotide phosphate, reduced form (NADPH) were treated as before (6) . Perchloric acid extracts, after centrifugation to remove denatured material, were brought to the pH range of 6.5 to 6.9 by the addition of an appropriate amount of 1.0 M morpholinopropane sulfonic acid (MOPS)-2.2 M KOH. Potassium perchlorate was removed by centrifugation in the cold. Assays for the extracted metabolites and cofactors were performed with a modified Eppendorf fluorimeter as previously described (7). Glyceraldehyde-3-phosphate and dihydroxyacetone phosphate were assayed simultaneously by adding a mixture of alpha-glycerol phosphate dehydrogenase and triosephosphate isomerase. Assay of 3-phosphoglyceric acid (PGA) necessarily gave the sum of both 3-PGA and 1,3-diphosphoglyceric acid (diPGA) because of the instability of the latter compound.
A Clark oxygen electrode apparatus was used to measure respiration of intact cell suspensions. The reduction states of cytochrome c and flavoprotein in intact cells were measured at 550 to -540 nm and at 465 to -510 nm, respectively, using a Phoenix dual wavelength scanning spectrophotometer (6) This experiment also shows the existence of large metabolically active pools of the intermediates of CO2 fixation and carbohydrate metabolism, even though all significant amounts of CO2 had been removed by passing 02 through the cell suspensions. The efficacy of CO2 removal was demonstrated in an experiment in which the cell suspensions were gassed with air containing 1% CO2. In the presence of the CO2 the amounts of NADH and NADPH formed after the addition of thiosulfate were halved when compared to experiments in which pure 02 was used.
After adding thiosulfate, both triose and hexose phosphates are rapidly synthesized at the expense of 3-PGA, which falls rapidly during the first second. However, phosphoenolpyruvate (PEP) rises during the first 2 s, and the lowering of 3-PGA abates, even though triose phosphate synthesis persists during this period. Such a pattern of changes indicates the existence of a further source of carbon compounds which are converted to PEP or 3-PGA, VOL. 114, 1973 or both, beginning about 1 s after the initiation of phosphorylation and electron transport. The pools of citrate, malate, and oxalacetate were also measured in these samples but were too small for consideration.
The true rate of pyridine nucleotide reduction is not given by the initial rates of net formation of NADH and NADPH, since large amounts of 3-PGA also disappear. Hence, our previous suggestion (Roth, Hempfling, and Vishniac, Abstr. Annu. Meet. Amer. Soc. Microbiol., p. 174, 1972) that NADPH is formed preferentially to NADH is not true; rather, large amounts of NADH are used in the conversion of 1, 3-diPGA to glyceraldehyde phosphate (GAP) (13) . The view that 3-PGA, 2-PGA, and PEP supply gluconeogenesis, rather than undergoing energyyielding transformations to pyruvate, is supported by the near invariance of the level of pyruvate and the observation that the pools of citrate, malate, and oxalacetate (which might be formed from pyruvate and PEP) are very small during the time course of the experiment.
An assessment of the true rate of pyridine nucleotide reduction during the first second of the experiment requires the addition of the reduced pyridine nucleotides, which have presumably been utilized in the formation of triose and hexose phosphates from PGA, to the observed appearance of reduced pyridine nucleotides. This calculation is presented in Table 1 , accompanied by an estimation of the amounts of products of carbohydrate synthesis formed during that period. An initial rate of 264 nmol of NADH plus NADPH per min per mg of protein is obtained from these data.
Reduction of pyridine nucleotides under anaerobic conditions. A cell suspension was kept anaerobic by flushing with helium for 15 min. During this period the endogenous reduction of pyridine nucleotides was completed. The pattern of pyridine nucleotide reduction after the subsequent addition of thiosulfate is shown (Fig. 2) . Parallel measurements of 3-PGA and ATP showed negligible changes, so that a reasonable value for the rate of pyridine nucleotide reduction can be obtained directly. In the absence of net terminal electron transfer, pyridine nucleotides are reduced at 2.2 nmol per min per mg of protein, a value similar to the rate obtained by Saxena and Aleem using anaerobic cell-free extracts of this organism (15) , and only about 1% of the rate obtained in the presence of oxygen. The rate of pyridine nucleotide reduction by endogenous substrates was found to lie between 0.1 and 1.0 nmol per min per mg protein. Effect of m-C1-carbonylcyanide phenylhydrazone. The result of adding 50 uM m-Cl-carbonylcyanide phenylhydrazone (CCP), an uncoupler of oxidative phosphorylation, to the cell suspensions is shown (Fig. 3) . Compared to the controls without the uncoupler and to the experiments described in Fig. 1 , pyridine nucleotide reduction and ATP synthesis following thiosulfate addition were nearly abolished. Changes in the levels of 3-PGA, glucose-6-phosphate (G6P), GAP, and dihydroxyacetone phosphate were also suppressed.
That the effect of m-Cl-CCP is not due to prevention of the entry of thiosulfate into the cell is shown by the results of other experiments: the rate of oxygen consumption during thiosulfate oxidation is increased approximately 20% over the control without the uncoupler, and the reduction state of cytochrome c and of flavoprotein within 2 s after thiosulfate addition to intact cell suspensions is not appreciably changed by the addition of the uncoupler. The results were obtained under conditions similar to those used in previous experiments, except that the cell suspension was diluted 100-fold.
These much to energy conservation during these shortterm experiments. Pyridine nucleotide reduction is blocked in the presence of the uncoupler, showing that the major, if not the exclusive, pathway of NADH and NADPH formation proceeds through an energy-dependent step. Our findings, therefore, confirm the results of Aleem's group, even though his preparations are only about 1% as active as the intact cells. The relative invariance of the concentrations of three-and six-carbon metabolites in the presence of the uncoupler also demonstrates that changes of the levels of those compounds are dependent upon energy conserved at the level of respiration, and not upon some process occurring at the substrate level, or not measured in these experiments.
Effect of sodium amytal. The physiological effect of the addition of a reagent which inhibits electron transport in the pyridine nucleotideflavoprotein region of the respiratory chain is shown (Fig. 4) . Unlike m-Cl-CCP, 5 mM amytal does not affect ATP synthesis, but does inhibit pyridine nucleotide reduction dependent upon thiosulfate. Changes of three-and six-carbon intermediates are prevented, confirming that the reducing equivalents necessary for conversion of 3-PGA to carbohydrate must be in the form of reduced pyridine nucleotide. Inhibition of the initial entry of thiosulfate into the cell cannot be the cause of inhibition of pyridine nucleotide reduction, since ATP is synthesized. Metabolite changes after sulfide addition to intact Thiobacillus neapolitanus in the presence and absence of m-Cl-CCP and sodium amytal. Sodium sulfide is oxidized by intact T. neapolitanus at a higher pH optimum and lower rate than sodium thiosulfate. Following an initial period of rapid oxygen consumption lasting about 30 s, however, respiration slows markedly. Nevertheless, the initial changes of metabolite concentrations are as rapid as with thiosulfate. Since sulfide is a considerably better reducing agent than thiosulfate, the possibility that pyridine nucleotides could be reduced directly by sulfide was investigated by testing the effects of m-Cl-CCP and sodium amytal on metabolite changes after sulfide addition to intact cell suspensions. The results are shown in Figure 5 . The most notable difference between thiosulfate and sulfide as oxidation substrate is the more rapid increase of ATP after addition of the former. As *ith thiosulfate, the synthesis of ATP is abolished by the addition of m-Cl-CCP, but. unlike that compound, the synthesis of ATP in the presence of 5 .
/~-NADPH (15) . Since batch-grown cells were employed for those experiments, the cell-free extract can account for only 0.5 to 2% of the rate of pyridine nucleotide reduction necessary for growth (that is, about 600 nmol of PNH per min per mg of protein). As can be seen from our calculations, estimation of the thiosulfatedependent metabolite changes in intact nondividing cells reveals that the rate of pyridine nucleotide reduction is fully adequate to account for growth in continuous culture at A = 0.15/h. Whether cells capable of faster pyridine nucleotide reduction can be obtained by using faster growth rates in their cultivation is not known. Rates of energy-dependent pyridine nucleotide reduction by mammalian and avian mitochondria are typically 30 to 160 nmol per min per mg (25 C; reference 4).
Another difference between the results described here and those of other workers concerns the relative rates of reduction of NAD+ and of NADP+. Saxena and Aleem reported that NADP+ was reduced about threefold faster than was NAD+ by cell-free extracts (15) . We find the opposite to be true; that is, when 3-PGA reduction is taken into account, NAD+ reduction exceeds NADP+ reduction by some 4.5-fold. The absence of electron acceptors for the oxidation of NADH in the experiments of Saxena and Aleem may explain this discrepancy; alternatively a control mechanism forcing the predominance of NAD+ reduction over NADP+ reduction operating in the intact cell may be lost in cell extracts.
Even though the pyridine nucleotide reducing power of cell extracts can account for no more than a minor part of the activity necessary for growth, high thermodynamic efficiency is found when cell extracts are used (15) . From this observation we must conclude that, although more than 95% of the units coupling ATP hydrolysis to pyridine nucleotide reduction in intact cells are rendered inoperative by comminution and further treatment, the manner in which these units are inactivated does not lead to uncoupling, since a stoichiometry of 2.5 to 3 ATP per NADH is found when ferrocytochrome c is used as electron donor. Unfortunately Saxena and Aleem did not report the activity of adenosine triphosphatase in the absence of electron transport.
Phosphorylation. We estimated that approximately 42% of ATP synthesis in growing cells occurs through substrate level phosphorylation (9) . However, only indirect evidence for such activity exists in these short-term experiments. It is not clear whether the predominance of oxidative phosphorylation is due to the exclusive oxidation of the outer sulfur of thiosulfate to the level of sulfite in the first few seconds after its addition or whether oxidative phosphorylation occurs during sulfite oxidation (1). It is also possible that control processes which activate substrate level phosphorylation may be in operation only in growing cells.
The requirement of energy for pyridine nucleotide reduction. As demonstrated by the results obtained with the uncoupler m-Cl-CCP, the reduction of both NADP+ and NAD+ by either thiosulfate or sulfide can be prevented when ATP synthesis is also blocked. However, the reduction of pyridine nucleotide by thiosulfate in anaerobic cells does not show such a strong dependence upon energy conservation linked to oxygen reduction. Both NADH and NADPH are formed slowly following thiosulfate addition in the absence of oxygen, at rates of about 2 to 2.5 nmol of PNH per min per mg of protein. This low rate may be accounted for by the preceding endogenous reduction of the pyridine nucleotides having lowered the availability of oxidized pyridine nucleotides, or it may, in addition, be influenced by a change in the poise of some unknown oxidation-reduction couple which is in equilibrium with both thiosulfate and the pyridine nucleotides. Whatever the explanation for anaerobic pyridine nucleotide reduction and reduction aerobically in the presence of uncoupler, the rates of those reactions are very small compared to the rates in aerobic, untreated cells after the addition of thiosulfate or sulfide.
Measurement of three-and six-carbon metabolites also shows that 3-PGA is not consumed, nor are triose or hexose synthesized in the presence of the uncoupler. This observation eliminates the possibility that slow but significant pyridine nucleotide reduction is masked by rapid reoxidation through 1, 3-diPGA reduction. This is equally true when sulfide is used as substrate in place of thiosulfate.
It is possible that, under the special conditions of these experiments, thiosulfate or sulfide oxidation serves only to form ATP, thereby bringing about the formation of organic metabolites which rapidly reduce pyridine nucleotides by means of the appropriate dehydrogenases. The use of amytal refutes this argument, however, since it demonstrates that blocking the electron transfer between flavoproteins and pyridine nucleotides prevents both pyridine nucleotide reduction and changes in the levels of three-and six-carbon intermediates without interfering with the formation of ATP.
We conclude that the principal, if not the sole, pathway of pyridine nucleotide reduction linked to CO2 assimilation involves electron transfer between thiosulfate or sulfide to pyridine nucleotide through steps which are inhibited by amytal and by the uncoupler m-Cl-CCP. These experiments demonstrate that the views of Aleem and his colleagues, based on experiments with cell-free extracts of T. neapolitanus, are applicable to the behavior of intact cells, despite the great disparity in reaction rate. The mechanism of interaction between NADH and NADP+ remains unspecified, but is likely to proceed by a transhydrogenasecatalyzed reaction similar to those observed in heterotrophic bacteria or in mitochondria.
Gluconeogenesis and its control. Even after 6 h at 30 C in spent medium in the absence of thiosulfate, nondividing thiobacilli resume acid production immediately and cell division with no appreciable lag after addition of thiosulfate. This observation is an indication of the ability of cellular control systems to "poise" the apparatus of CO2 fixation and assimilation so that efficient use may be made of even small quantities of energy-yielding substrate. Presumably the cell operates at the expense of endogenous reserves during periods without substrate. The results described here show how rapidly the reduction phase of CO2 assimilation may oper-ate in the absence of CO2, but exclude CO2 fixation prior to reduction.
3-Phosphoglyceric acid, the primary product of CO2 fixation via the Calvin-Benson pathway, is present in high concentrations in starved, aerobic T. neapolitanus. (A similar condition exists in E. coli B; reference 7.) Since the cells used were without thiosulfate for approximately 16 to 20 h, and CO2 was removed by gassing with 02, it seems likely that 3-PGA and related compounds arise from organic reserve materials. The metabolism of those materials is linked to oxidative phosphorylation of ADP as shown by the effect of m-Cl-CCP on ATP levels in starved aerobic cells (Fig. 3.) The initiation of respiration by adding thiosulfate or sulfide leads to synthesis of GAP and dihydroxyacetone phosphate, fructose diphosphate, G6P, and (presumably) fructose-6-phosphate accompanied by a decrease of 3-PGA and (presumably) 2-PGA. This change is not always immediately apparent because of the rise of PEP, indicating an additional source of threecarbon compounds more oxidized than carbohydrate. The metabolite patterns seen in different cell preparations (see control values in Fig. 3, 4 , and 5) suggest that the unknown source concentration and activity varies a good deal.
Evidence exists for the control of CO2 assimilation in green plants by modification of the activity of the NADP+-linked glyceraldehyde phosphate dehydrogenase and of the fructose-1, 6-diphosphatase (FDPase) by the NADPH to NADP+ ratio (17) For instance, the inhibition of FDPase by adenine nucleotides appears to be insignificant as indicated by the rapid initial synthesis of G6P and the small amounts of fructose diphosphate accumulating. However, this enzyme may be subject to regulation in the steady state condition of CO2 fixation and growth. The displacement from equilibrium of the reaction catalyzed by pyruvate kinase (5) is diminished approximately 100-fold over the first 6 s after thiosulfate addition (mass action ratios, 0.03 at zero time and 3.6 at 6 s), possibly the result of activation of the enzyme by the rapidly increasing quantities of G6P and fructose-6-phosphate.
With the possible exception of pyruvate kinase, then, it appears that modification of enzyme activity is not responsible for the dramatic metabolite changes observed. Rather the low levels of ATP and, especially, NADH occurring in starved cells cause the accumulation of oxidized intermediates of glycolysis which arise from the breakdown of polysaccharides. (T. neapolitanus has been shown not to contain poly-beta-hydroxybutyrate; reference 11.) This condition is rapidly reversed upon the addition of thiosulfate or sulfide because NADH, ATP, and carbohydrate are synthesized, thereby replenishing the storage material. Because of the ability to use quantities of cells sufficient for the direct measurement of metabolites by enzymatic-fluorimetric procedures the thiobacilli should prove useful for further studies of the mechanism and control of CO2 fixation in an intact, nonphotosynthetic system.
